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Porcine reproductive and respiratory syndrome virus (PRRSV) infection of swine results in substantial
economic losses to the swine industry worldwide. Identification of cellular factors involved in PRRSV life cycle
not only will enable a better understanding of virus biology but also has the potential for the development of
antiviral therapeutics. The PRRSV nonstructural protein 1 (nsp1) has been shown to be involved in at least two
important functions in the infected hosts: (i) mediation of viral subgenomic (sg) mRNA transcription and (ii)
suppression of the host’s innate immune response mechanisms. To further our understanding of the role of the
viral nsp1 in these processes, using nsp1, a proteolytically processed functional product of nsp1 as bait, we
have identified the cellular poly(C)-binding proteins 1 and 2 (PCBP1 and PCBP2) as two of its interaction
partners. The interactions of PCBP1 and PCBP2 with nsp1 were confirmed both by coimmunoprecipitation
in infected cells and/or in plasmid-transfected cells and also by in vitro binding assays. During PRRSV infection
of MARC-145 cells, the cytoplasmic PCBP1 and PCBP2 partially colocalize to the viral replication-transcrip-
tion complexes. Furthermore, recombinant purified PCBP1 and PCBP2 were found to bind the viral 5
untranslated region (5UTR). Small interfering RNA (siRNA)-mediated silencing of PCBP1 and PCBP2 in
cells resulted in significantly reduced PRRSV genome replication and transcription without adverse effect on
initial polyprotein synthesis. Overall, the results presented here point toward an important role for PCBP1 and
PCBP2 in regulating PRRSV RNA synthesis.
Porcine reproductive and respiratory syndrome virus
(PRRSV) is considered the most significant swine pathogen
worldwide. Viral infection leads to late-term reproductive fail-
ure in pregnant sows and respiratory distress in young piglets.
The most recent study (in 2011) of annual economic losses due
to PRRSV infections to the U.S. swine industry alone has
suggested the loss to be over $660 million (29). PRRSV is a
member of the family Arteriviridae, which includes equine ar-
teritis virus (EAV), lactate dehydrogenase elevating virus
(LDV), and simian hemorrhagic fever virus (SHFV). Together
with the Coronaviridae and Roniviridae families, Arteriviridae
form the order Nidovirales (4). PRRSV contains a plus-sense
[()-sense] single-stranded RNA genome of 15 kb in length.
The RNA genome is polyadenylated at the 3 end and pos-
sesses a 5 cap structure (28). The nonstructural proteins
(nsp’s) are encoded in the 5-proximal two-thirds of the
genomic RNA and are synthesized as polyproteins from two
open reading frames (ORFs): ORF1a and ORF1b. Upon
translation, the two polyproteins are cotranslationally and
posttranslationally processed by four virus-encoded proteases,
i.e., nsp1, nsp1, nsp2, and nsp4, to produce 14 different nsp’s
(39, 48). Some of these nsp’s are assembled to form the viral
replicase complex and, along with host cell components, carry
out and regulate viral RNA replication, subgenomic (sg)
mRNA transcription, and translation. The PRRSV structural
proteins encoded by the 3-proximal one-third of the genomic
RNA are translated from a set of six nested sg mRNAs gen-
erated through a process of discontinuous RNA transcription
(33, 37).
The viral genomic RNA acts as a template for protein syn-
thesis, genome replication (synthesis of genome-length
RNAs), and transcription (synthesis of sg-length RNAs) as
well as for packaging into virions. These processes must be
regulated by viral and host cell factors for efficient replication
of the virus. Identification of such factors is challenging, as it
requires uncoupling of the tightly linked processes of genome
replication and transcription. Studies have identified EAV
nsp1 and nsp10 as the two proteins essential for sg mRNA
synthesis (45, 51). While EAV nsp1 is synthesized as a single
protein due to the lack of a PCP active-site residue, PRRSV
nsp1 is autoproteolytically processed to produce nsp1 and
nsp1 proteins (10). Mutations of the protease active site of
PRRSV nsp1 led to a replication-competent but sg mRNA
transcription-incompetent virus (22). The same study also de-
scribed that mutation in the nsp1 protease active site results
in a total loss of RNA replication, presumably because of the
absence of cleavage of the nsp1-nsp2 junction. More recently,
it was shown that all the three subdomains of EAV nsp1 (zinc
finger, PCP, and PCP) are important for transcription (31).
Importantly, it was shown that the PCP domain’s involvement
in sg mRNA transcription is separate from its protease func-
tion. Furthermore, nsp1 was found to regulate the relative
amounts of viral mRNA by controlling the accumulation of
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full-length and sg-length minus ()-strand templates (31). Be-
sides its role in viral sg mRNA transcription, EAV nsp1 is also
involved in polyprotein processing and virion biogenesis—un-
derscoring its multifunctional role in the life cycle of the virus
(45). Similar roles can also be predicted for the PRRSV or-
thologs, nsp1 and nsp1. Besides their involvement in viral
gene expression, both subunits of nsp1 are known inhibitors of
cellular innate immune response (3, 7, 19, 34, 42).
While the number of functions attributed to arterivirus nsp1
is growing rapidly, molecular mechanisms of its involvement in
various functions have not been elucidated. Identification of
cellular proteins that interact with nsp1 will likely shed light on
its various roles. An earlier report inferred that interaction of
cellular transcriptional coactivator p100 with EAV nsp1 might
be important for viral sg mRNA synthesis (46). In this study,
we have identified cellular PCBP1 and PCBP2 as two interac-
tion partners of PRRSV nsp1. PCBPs are a group of RNA/
DNA binding proteins involved in RNA metabolism (6, 24,
27). We have found that in PRRSV-infected cells, PCBP1 and
PCBP2 partially localize to viral replication-transcription com-
plexes (RTCs) and also bind to the PRRSV 5 untranslated
region (5UTR) in vitro. Depletion of PCBPs led to reduced
viral genome replication and sg mRNA transcription in
PRRSV-infected cells. These data collectively suggest that
PCBPs facilitate viral RNA transcription and replication.
MATERIALS AND METHODS
Cells, viruses, and plaque assay. Human embryonic kidney 293T, MARC-145
(18), and BHK-21 cells were maintained as before (8). The infectious-clone-
derived virulent North American PRRSV strain FL12 (47) and VR-2332 used in
this study were propagated in MARC-145 cells. Virus titers in the culture su-
pernatants of cells were determined by plaque assay as described before (9).
Plasmids and antibodies. The plasmids encoding human PCBP1 (GenBank
no. NM_006196) and PCBP2 (GenBank no. NM_005016) proteins with a hem-
agglutinin (HA) tag at their amino terminus have been described recently (11).
PCBP1 and PCBP2 cDNAs were also subcloned in pET28a() vector (Novagen)
by using NheI and EcoRI restriction enzymes to generate the plasmids pET28-
PCBP1 and pET28-PCBP2, which were used for expression of the corresponding
proteins in bacteria. The construction of Flag-nsp1 and Flag-nsp9 has been
described previously (3, 42). For bacterial expression of glutathione S-transferase
(GST)-tagged nsp1 protein, nsp1 sequence was amplified from the pIHAFlag-
nsp1 plasmid by using the primers (Table 1) (42) and cloned at the EcoRI and
NotI sites in pET41C () vector (Novagen). For preparation of PRRSV 5UTR
and 3UTR radiolabeled probes, cDNA fragments from FL12 infectious clone
(GenBank accession no. AY545985) corresponding to nucleotides (nt) 1 to 191
(5UTR) and nt 15263 to 15413 (3UTR) were amplified by PCR using the
primers (Table 1) and cloned in pCDNA3.1 () to obtain the plasmids
pCDNA()-5UTR and pCDNA()-3UTR, respectively. As these cDNAs are
located downstream of the T7 polymerase promoter, corresponding RNAs can
be produced using the T7 RNA polymerase. The 3UTR cDNA was also inserted
in pCDNA3.1() to generate pCDNA()-3UTR, which was used to prepare
minus-sense [()-sense] 3UTR for detection of ()-sense genomic and sg RNA
by Northern hybridization. The cloned cDNAs were confirmed for correct se-
quences and orientation by sequencing.
Mouse anti--actin (Sc-47778), normal mouse IgG1 (Sc-3877), goat anti-
PCBP1 (Sc-16504), goat anti-PCBP2 (Sc-30725), mouse anti-glyceraldehyde-3-
phosphate dehydrogenase (anti-GAPDH; sc-32233), and mouse anti-green flu-
orescent protein (anti-GFP; Sc-9996) antibodies were obtained from Santa Cruz
Biotech. Mouse anti-HA (H3663) and rabbit anti-HA (H6908), anti-Flag M2
(F3165), and rabbit anti-Flag (F7425) were obtained from Sigma-Aldrich. Sec-
ondary antibodies conjugated to horseradish peroxidase (HRP) (goat anti-mouse
[074-1807] and goat anti-rabbit [214-1516]) used for immunoblotting were pur-
chased from Kirkegaard and Perry Ltd. (KPL). PRRSV nsp1 rabbit antibody
(which detects both nsp1 and nsp1) was prepared by immunizing rabbits with
nsp1 full-length protein. The anti-nsp1 monoclonal antibody (7) was kindly
provided by Ying Fang (South Dakota State University). The anti-nsp2/3 anti-
body was a generous gift from Eric Snijder, LUMC (22). Secondary antibodies
used for immunofluorescence were Alexa-Fluor 568 donkey anti-mouse, Alexa-
Fluor 488 goat anti-rabbit, Alexa-Fluor 594 goat anti-rabbit, and Alexa-Fluor 488
donkey anti-mouse.
Plasmid transfection, co-IP, and GST pulldown assay. Cells were transfected
with plasmids by using Lipofectamine 2000 (Invitrogen) per the manufacturer’s
protocol. Plasmid-transfected cells were examined at 36 to 48 h posttransfection
(hpt) whereas cells infected with PRRSV were examined at 24 to 48 h postin-
fection (hpi). Transfected or infected cell lysates were prepared using coimmu-
noprecipitation (co-IP) buffer as described earlier (11). Clarified cell lysates were
immunoprecipitated with appropriate antibodies overnight at 4°C. IP involving
anti-Flag antibody used the agarose conjugated to anti-Flag M2 antibody
(Sigma). Protein A Sepharose (GE Biosciences) was used in other IP experi-
ments as described before (11). Where indicated, the clarified lysates were
treated with a mixture of RNase A (2.5 U/100 l) and T1 (1 U/l) for 1 h at room
temperature before IP. The immunoprecipitated proteins were detected by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed
by immunoblotting (3) with appropriate antibodies. For glutathione S-trans-
ferase (GST) pulldown assays, GST or GST-nsp1 proteins expressed in Esch-
erichia coli (BL21 cells) were first conjugated to glutathione beads (GE Biosci-
ences), and the conjugated beads were blocked overnight with 5% bovine serum
albumin (BSA). These blocked beads were washed twice with TIF buffer (20 mM
Tris-HCl, pH 8.0; 150 mM NaCl; 1 mM MgCl2; 0.1% NP-40; 10% glycerol; 0.1
mM dithiothreitol [DTT], and 1 protease inhibitor) and incubated with puri-
fied recombinant PCBP1 (rPCBP1) or PCBP2 for 2 h at room temperature. The
beads were washed at least 6 times with TIF buffer followed by elution and
detection of the proteins by SDS-PAGE and immunoblotting.
siRNAs. Small interfering RNAs (siRNAs) were purchased from Dharmacon
and were used at a 20 nM final concentration, unless otherwise stated, with
Lipofectamine RNAiMax (Invitrogen) as described previously (11).
In vitro synthesis of full-length viral transcripts, electroporation, and virus
recovery. Full-length viral in vitro transcripts were prepared as before (23, 47).
The green fluorescent FL12 virus (pFLeGFP) was generated by engineering the
enhanced GFP (eGFP) coding sequence between ORF1b and ORF2 coding
sequence in the pFL12 infectious clone as described earlier (36). Approximately
5 g of in vitro-transcribed RNA was electroporated in 1.25  106 BHK-21 cells
TABLE 1. Primers used in this study
Primer Sequence (5–3)a Use
EcoRInsp1 for ATATGAATTCTGGCTGACGTCTATGATATTGGTCAT Amplification of nsp1 to clone in pET vector
Nsp1-R ATATATGCGGCCGCTTTACCGTACCATTTGTGACTGC
5UTR HindIII for ATATAAGCTTATGACGTATAGGTGTTGGCTC Amplification of 5UTR
5UTR NcoI rev ATATCCATGGTTAAAGGGTTGGAGAGA
3UTR XbaIfor ATATTCTAGATGGGCTGGCATTCCTTAAGC Amplification of 3UTR()
3UTR XbaIrev ATATTCTAGAAATTTCGGCCGCATGGTTCTC
T7PNforb TAATACGACTCACTATAGGAAATAACAACGGCAAGCAGC Amplification of 3UTR()
3UTR141R21rev GCATGGTTCTCGCCAATTAAA
hIFNb for GTGTCAGAAGCTCCTGTGGC RT-PCR for human IFN- transcript
hIFNb rev CTTCAGTTTCGGAGGTAACC
a The restriction enzyme sites are underlined.
b The T7 promoter sequence is indicated in bold.
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by using Ingenio electroporation solution (Mirus Bio) in a Bio-Rad gene pulser
as described before (47). Electroporated cells were resuspended in Dulbecco’s
modified Eagle’s medium (DMEM) and 10% fetal bovine serum (FBS) and
incubated at 37°C with 5% CO2 for indicated times before being harvested for
further assays.
Bacterial protein production and purification. Cultures of Escherichia coli
(BL21) carrying pET28-PCBP1 or pET28-PCBP2 plasmids grown overnight
were diluted 1:10 and then were allowed to grow to an optical density at 550 nm
(OD550) of 0.55. Protein expression was induced by addition of IPTG (isopropyl-
-d-thiogalactopyranoside; 1 mM final concentration) for an additional 3.5 h.
Cells were harvested by pelleting the culture, and the His-tagged PCBP1 or
PCBP2 was purified from the pellets under native conditions by using the
ProBond purification system (Invitrogen) per the manufacturer’s recommendations.
Proteins were checked for purity by SDS-PAGE followed by Coomassie staining.
RNA probe preparation. Uniformly 32P-labeled PRRSV 5UTR and 3UTR
probes were prepared by in vitro transcription with T7 polymerase by using a
T7-Riboprobe kit (Promega). pcDNA()-5UTR and pcDNA()-3UTR were
digested with NdeI-XhoI and NdeI-ApaI enzyme pairs, respectively. The frag-
ments containing 5UTR or 3UTR along with T7 promoter were purified and
used in the in vitro transcription reactions. Unlabeled specific competitor RNAs
were prepared by using unlabeled UTP in place of [-32P]UTP. For nonspecific
competitor RNA synthesis, a fragment of pcDNA3.1 vector DNA was used as the
template. To generate the ()-sense 3UTR (ns3UTR) probe, pcDNA()-
3UTR vector was digested with NdeI and ApaI, and the fragment containing the
T7 promoter-3UTR was used as the template in an in vitro transcription reaction
as described above. For ()-sense genomic and sg RNA detection, a longer
probe encompassing nt 14896 to nt 15403 was used. PCR was performed with
primers (Table 1) encompassing the above-described region of the PRRSV FL12
genome. The resulting PCR product after purification was used as the template
in in vitro transcription to produce ()-sense 3UTR (ps3UTR) probe. The in
vitro-transcribed RNAs were purified by use of a Qiagen RNAeasy column followed
by a phenol-chloroform extraction and ethanol precipitation. The amount of radio-
label incorporation was determined by scintillation counting.
EMSA. RNA binding reactions and electrophoretic mobility shift assays
(EMSAs) were performed as described previously with modifications (1). The
purified probes were refolded by melting at 80°C followed by gradual cooling
down to room temperature. Labeled RNA (100 nM) was incubated with the
indicated amount of purified rPCBP1 or rPCBP2 in an RNA binding buffer (5
mM HEPES, pH 7.5; 25 mM KCl; 2 mM MgCl2; 0.1 mM EDTA; 3.8% glycerol;
2 mM DTT; 0.5 mg/ml bovine serum albumin; 0.5 mg/ml heparin; 0.25 mg/ml
Escherichia coli tRNA; 8 U of RNasin [RNase inhibitor; Promega]) for 20 min at
30°C. In the case of competition EMSAs, rPCBP1 and rPCBP2 were preincu-
bated with specific/nonspecific competitor for 20 min at 30°C before the addition
of radiolabeled probe, and the incubation was continued for another 20 min at
30°C. The resulting ribonucleoprotein (RNP) complexes were resolved by elec-
trophoresis in 5% native polyacrylamide (29:1 acrylamide:bisacrylamide)-5%
glycerol-0.5 Tris-borate EDTA gels for 4 h. RNAs were detected by exposing
the dried gel to a phosphorimager screen.
Viral RNA isolation and detection by Northern hybridization. Total cellular
RNA from PRRSV-infected MARC-145 cells was isolated at indicated times
postinfection by using TRIzol (Invitrogen). Five to 10 g of total RNA was
resolved by agarose gel electrophoresis using a glyoxal-based buffer (Northern-
max Gly; Ambion). Transfer of RNA to nylon membrane and hybridization with
radiolabeled probe were done using the Northernmax Gly kit (Ambion) per the
manufacturer’s recommendations. Hybridized membranes were exposed to
phosphorimager screens, and RNA bands were visualized by scanning the
screens in a Bio-Rad scanner.
RT-PCR for IFN- mRNA. Total RNA isolated from cells as described above
was reverse transcribed using oligo(dT) and Moloney murine leukemia virus
(MMLV) reverse transcription (RT) kit (Invitrogen). The resulting cDNA was
used in a PCR to amplify the target gene (beta interferon [IFN-]) by using
primers shown in Table 1. Cellular RPL32 (3) was also amplified to serve as the
internal control.
Indirect immunofluorescence. Indirect immunofluorescence and confocal mi-
croscopy were performed as described previously (3).
Silver staining and mass spectrometric identification of proteins. The immu-
noprecipitated proteins were resolved in SDS-PAGE, and the acrylamide gels
were stained with silver using a protocol described earlier (5). The stained bands
were excised and subjected to liquid chromatography-mass spectrometry (LC/
MS) as described before (17). Briefly, gel pieces were digested by trypsin and
digested peptides were extracted in 5% formic acid-50% acetonitrile and sepa-
rated using a C18 reversed-phase LC column (75 m by 15 cm; BEH 130, 1.7 m,
Waters, Milford, MA). A quantitative time of flight (Q-TOF) Ultima tandem
mass spectrometer coupled with a Nanoaquity high-performance LC (HPLC)
system (Waters) with electrospray ionization was used to analyze the eluting
peptides. The peak lists of MS/MS data were generated using Distiller (Matrix
Science, London, United Kingdom) with charge state recognition and deiso-
toping with the other default parameters for Q-TOF data. Data base searches of
the acquired MS/MS spectra were performed using Mascot (Matrix Science,
v2.2.0, London, United Kingdom). The NCBI database (20100701) was used in
the searches.
Statistical analysis. Statistical analyses were performed using GraphPad Prism
software (GraphPad Software Inc). Student’s unpaired t test was used to com-
pare the viral titers. A P value of 	0.05 is considered significant.
RESULTS
Identification of PRRSV nsp1-interacting proteins by im-
munoprecipitation and mass spectrometry. In order to detect
cellular proteins that potentially associate with PRRSV nsp1
inside the cell, we employed an immunoprecipitation (IP)-
coupled mass spectrometry (MS) approach. A plasmid encod-
ing Flag-tagged nsp1 or an empty vector (EV) encoding only
the Flag sequences was transfected into 293T cells. Subse-
quently, nsp1 and its associated proteins were affinity purified
using anti-Flag M2 affinity gel from the cell lysates. The pro-
teins were resolved by SDS-PAGE and visualized by silver
staining. In addition to detecting several common bands in
both vector and nsp1 lanes, at least four specific bands were
detected in the nsp1 lane (Fig. 1, asterisk). These protein
FIG. 1. Identification of PRRSV nsp1-interacting proteins by IP-
MS. Flag-EV (Vector)- and Flag-nsp1 (nsp1)-overexpressing 293T
cells were used for immunoprecipitation using anti-Flag agarose resins.
Eluted proteins were resolved by 12% SDS-PAGE and subjected to
silver staining. The prominent bands at55 kDa and25 kDa are IgG
heavy (IgG-H) and IgG light (IgG-L) chains, respectively. The nsp1
band is observed just above the IgG-L band in the nsp1 lane only. The
four bands specific to the nsp1 lane are indicated by asterisks ().
The relative mobility of molecular mass markers (in kDa) is shown on
the left.
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bands were subjected to MS analysis. The band migrating just
above the IgG light chain (IgG-L) was identified as PRRSV
nsp1 (27 kDa), indicating successful immunoprecipitation.
Several cellular proteins were identified in the analysis of the
four bands. Their identities, including the number of separate
peptides detected in MS analysis and the MASCOT score, are
shown in Table 2. Many of these proteins are generally in-
volved in cellular RNA metabolism (32, 38, 55, 58). The pres-
ent study is focused on two cellular proteins, PCBP1 and
PCBP2, detected in band 3.
Interaction and colocalization of PCBP1 and PCBP2 with
PRRSV nsp1. Our first objective was to confirm the PRRSV
nsp1’s interaction with cellular PCBP1 and PCBP2 as ob-
served in the MS study. Cells were transfected with Flag-nsp1
or empty vector (Flag-EV) along with plasmids encoding HA-
tagged PCBP1 (HA-PCBP1) or HA-tagged PCBP2 (HA-
PCBP2). IP was performed with either anti-Flag antibody or an
isotype control antibody (normal mouse IgG1). The immune
complexes were resolved by SDS-PAGE and probed for the
presence of PCBP1 or PCBP2 by using anti-HA antibody. Both
PCBP1 and PCBP2 could be readily detected only in the pres-
ence of Flag-nsp1, not in the presence of Flag-EV (Fig. 2A
and B). Moreover, IP with the isotype control antibody failed
to pull down PCBP1 or PCBP2, suggesting that nsp1’s inter-
action with PCBP1 and PCBP2 is specific. Conversely, using
anti-HA antibody for IP and anti-Flag antibody for immuno-
blotting, we could also readily detect nsp1 (data not shown),
further confirming interactions between nsp1 and the two
cellular PCBPs. Since the above experiments did not exclude
the possibility that nsp1-PCBP1/2 association might be me-
diated indirectly through other cellular protein(s), we em-
ployed GST pulldown assay using purified PCBP1 and PCBP2
(from recombinant E. coli) and glutathione beads conjugated
with GST-nsp1 or GST protein. The presence of GST-nsp1
but not GST alone in the incubation mixture retained PCBP1
and PCBP2 (Fig. 2C), indicating that the interaction of cellular
PCBPs with the viral nsp1 is likely due to a direct physical
association.
To examine if nsp1 interacts with these two cellular pro-
teins in the context of PRRSV infection, we immunoprecipi-
tated virus-infected MARC-145 cell lysates with anti-PCBP1
antibody and probed for presence of nsp1 by using an nsp1
antibody which detects both nsp1 and nsp1. Our results
showed that nsp1 but not nsp1 could be readily detected in
PRRSV-infected MARC-145 cells (Fig. 2D), indicating that
PCBP1 does indeed interact with endogenous nsp1 in virus-
infected cells. However, we were unable to detect nsp1-
PCBP2 interaction in infected cells, most likely due to poor
ability of the available PCBP2 antibody for immunoprecipita-
tion (data not shown). We then examined the colocalization of
PCBP1 and PCBP2 proteins with nsp1 by immunofluores-
cence microscopy in virus-infected cells. We used the HA-
tagged PCBP1 and PCBP2 encoding plasmids to overexpress
these proteins in MARC-145 cells which were subsequently
infected with PRRSV. The confocal images of such cells im-
munostained with anti-HA and anti-nsp1 antibodies showed
strong colocalization of both PCBP1 and PCBP2 with PRRSV
nsp1 (Fig. 2E).
Since both PCBP1 and PCBP2 have strong affinity for nu-
cleic acids and nsp1 is also known to bind nucleic acids (57),
we examined whether the nsp1-PCBP interaction might be
mediated through a nonspecific RNA bridge. Results showed
that RNase treatment of cell extracts before immunoprecipi-
tation did not eliminate or reduce the nsp1-PCBP interac-
tions, indicating that these interactions are not due to nonspe-
cific RNA-mediated binding (Fig. 2F).
PCBP1 and PCBP2 colocalize to viral RTC. Since PCBPs
are known to influence viral replication (11, 27), we investi-
gated whether they play any role in PRRSV replication. First
we examined if PCBPs associate with the intracellular struc-
tures that contain viral replication and transcription complex
(RTC), where viral replication and transcription occurs (12).
The RTCs contain viral proteins that are involved in genome
replication and transcription as well as double-stranded RNA
(dsRNA), an RNA intermediate in replication for several pos-
itive-strand RNA viruses including EAV (20). Such RTCs have
been identified in virus-infected cells by using antibodies
against dsRNA (20, 43, 53, 54). By using antibodies against
TABLE 2. List of proteins present in the four specific bands observed in nsp1 lane as identified by MS
Band no. Accession no. Protein name (approx mol wt) MASCOT scorea Queries matchedb
1 gi4504715 Poly(A) binding protein, cytoplasmic 4 isoform 2 (71 kDa) 333 9
gi288100 Initation factor 4B (69 kDa) 159 3
gi3122595 Probable ATP-dependent RNA helicase DDX17 (72 kDa) 132 3
gi187281 M4 protein (77 kDa) 95 4
2 gi14165437 hnRNP K isoform a (51 kDa) 404 14
gi5031703 Ras-GTPase-activating protein SH3-domain-binding protein (52 kDa) 292 5
gi306890 Chaperonin (HSP60) (60 kDa) 167 6
gi4191610 IGF-II mRNA-binding protein 2 (65 kDa) 118 3
3 gi460771 PCBP1 (38 kDa) 340 9
gi14141166 PCBP2 (38 kDa) 325 9
gi557546 Nucleolar phosphoprotein B23 (40 kDa) 159 3
gi4504447 hnRNP A2/B1 isoform A2 (36 kDa) 127 2
4 gi4506707 Ribosomal protein S25 (14 kDa) 136 3
gi5032051 Ribosomal protein S14 (16 kDa) 127 2
a The significance threshold of proteins was set at P 	 0.05.
b Number of peptides sequenced found to be derived from the same proteins.
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dsRNA and PCBPs, we observed strong colocalization of cy-
toplasmic PCBPs with dsRNA-containing structures in
PRRSV-infected cells but not in mock-infected cells (Fig. 3A).
Furthermore, using an antibody that recognizes both nsp2 and
nsp3 proteins, the two viral proteins which are required for
PRRSV replication and transcription and are involved in the
formation of the viral RTC in arteriviruses (35, 40), results
showed colocalization of nsp2 and nsp3 proteins with the
FIG. 2. Interaction of PCBP1 and PCBP2 with PRRSV nsp1. Co-IP of HA-PCBP1 (A) and HA-PCBP2 (B) with Flag-nsp1. Indicated
plasmids (shown on top) were transfected into 293T cells, and at 48 hpt, whole-cell lysates (WCL) were immunoprecipitated with anti-Flag or
anti-IgG. After SDS-PAGE separation, proteins were detected by immunoblotting with antibodies indicated on the left. A 5% aliquot of WCL was
also probed similarly to confirm the expression of the proteins. The identities of various protein bands are indicated on the right. (C) GST pulldown
assay. Glutathione beads conjugated to GST or GST-nsp1 fusion protein were incubated with recombinant PCBP1 (left) or PCBP2 (right). After
washing, proteins were eluted from the beads and SDS-PAGE was performed. The presence of PCBP1 and PCBP2 was detected by anti-HA
antibody. GST and GST-nsp1 expression was confirmed by use of anti-GST antibody. (D) Co-IP of PRRSV nsp1 with endogenous PCBP1.
PRRSV-infected () or mock-infected () MARC-145 cells were used for IP with anti-PCBP1 antibody and immunoblotted with antibodies
shown on the left. The identities of various bands are shown on the right. (E) Colocalization of nsp1 with HA-PCBP1 and HA-PCBP2 by confocal
microscopy. MARC-145 cells were mock infected or infected with PRRSV (the VR-2332 strain was used here, since the nsp1 monoclonal
antibody is against this virus) for 6 h before being transfected with the PCBP protein-expressing plasmids. Cells were fixed 18 hpt and subjected
to indirect immunofluorescence to detect nsp1 (green) and HA-PCBP1 or PCBP2 (red) by using mouse anti-nsp1 and rabbit anti-HA antibodies.
Position of nucleus is indicated by DAPI (4,6-diamidino-2-phenylindole) (blue) by staining in the merge image (far right). (F) Effect of RNase
treatment on PCBP1/2-nsp1 interaction. Extracts of 293T cells overexpressing the different proteins were treated or untreated with RNase A and
T1 for 1 h before IP and immunoblotted with antibodies shown on the left. Ethidium bromide-stained agarose gels show total RNA present with
or without RNase treatment. WB, Western blotting.
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PCBPs (Fig. 3B), suggesting that the PCBPs are present in the
viral RTCs. Interestingly, the PCBPs appear to be uniformly
distributed both in the cytoplasm and in the nucleus in mock-
infected MARC-145 cells (Fig. 3A and B), but upon PRRSV
infection, the cytoplasmic fraction of PCBPs appears to local-
ize to punctate structures, the majority of which are located in
close proximity to the viral RTC, as judged by PRRSV nsp2/3
and dsRNA staining. It is known that the binding of nucleic
acids to PCBPs results in punctate staining pattern of these
proteins (2). The localization of PCBP1 and PCBP2 in
PRRSV-infected cells to viral RTCs may thus be suggestive of
their role in viral replication and transcription.
An integral component of the viral RTC is the viral RNA-
dependent RNA polymerase, the nsp9 of PRRSV. The un-
availability of a PRRSV nsp9-specific antibody prevented us
from exploring the interaction of nsp9 with PCBPs in virus-
infected cells. However, in cells expressing Flag-tagged nsp9
and HA-tagged PCBP1 or PCBP2, we could readily demon-
strate the interactions between nsp9 and the PCBPs (Fig. 3C).
These results show that nsp9 interacts with both of these cel-
lular proteins in transfected cells. Overall, our results suggest
that PCBPs are likely localized to the viral RTC and may be
important for viral replication.
PCBP1 and PCBP2 bind to the PRRSV 5 UTR. PCBPs have
been reported to interact with 5UTR and/or 3UTR of viral as
well as cellular RNAs and affect the transcription, stability, and
translation of RNA (27). To examine the possible interactions
of PCBPs with PRRSV genomic termini, radiolabeled 5UTR
or 3UTR of the PRRSV genome was incubated with increas-
ing concentrations of purified PCBP1 or PCBP2 protein, and
the formation of slow-migrating ribonucleoprotein (RNP) com-
plexes was examined by EMSA. The results (Fig. 4A) revealed
that the 5UTR formed complexes with both PCBP1 and PCBP2.
This RNP complex formation was specific to the PRRSV 5UTR,
as the addition of an increasing concentration of a specific com-
petitor RNA (unlabeled 5UTR) resulted in a significant reduc-
tion in complex formation in a dose-dependent manner, whereas
a nonspecific unlabeled competitor RNA was unable to signifi-
cantly reduce the complex formation (Fig. 4B). On the other
hand, the PCBPs did not form complexes with 3UTR RNA (Fig.
FIG. 3. Colocalization of PCBP1 and PCBP2 with dsRNA and nsp’s in PRRSV-infected cells. (A) MARC-145 cells were mock infected or
infected with PRRSV (strain VR-2332) for 6 h before being transfected with the PCBP protein-expressing plasmids. Cells were fixed 18 hpt and
were subjected to indirect immunofluorescence to detect dsRNA (green) and HA-PCBP1 and HA-PCBP2 (red) by using mouse anti-dsRNA (J2)
and rabbit anti-HA antibodies, respectively. (B) MARC-145 cells were treated as described above, and indirect immunofluorescence was
performed to detect PCBP1 or PCBP2 (red) and PRRSV nsp2/3 (green) by using mouse anti-HA antibody and rabbit anti-nsp2/3 antibody,
respectively. Nuclei are shown by DAPI (blue) staining in the merge image (far right). (C) Interaction of HA-PCBP1 and HA-PCBP2 with
Flag-nsp9. Indicated plasmids (shown on top) were transfected into 293T cells, and at 48 hpt, whole-cell extracts were immunoprecipitated and
immunoblotted with antibodies indicated on the left. A 5% whole-cell lysate (WCL) sample was also probed similarly to show the expression of
the proteins. The identities of various protein bands are indicated on the right. Asterisk, nonspecific band.
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4C). Taken together, these results indicate that the cellular
PCBPs specifically bind to the PRRSV 5UTR.
Depletion of PCBP1 and/or PCBP2 from cells results in
PRRSV growth inhibition. The observations that PCBPs inter-
act with the viral nsp1, RdRp, as well as with the viral 5UTR
led us to hypothesize that these factors play important roles in
the viral life cycle. The biological consequences of these inter-
actions were first examined by determining the extent of
growth of PRRSV in cells depleted of these cellular proteins by
using siRNA-mediated silencing of PCBP1 or PCBP2 gene
expression. Since PCBP1 and PCBP2 have been known to play
overlapping roles (52), we also examined virus growth in cells
depleted of both proteins simultaneously. Figure 5A shows the
dose-dependent reduction in PCBP1 and PCBP2 protein levels
at 72 h post-siRNA treatment in MARC-145 cells. The silenc-
ing efficiency of our siRNA transfection protocol was deter-
mined by siRNA against the highly abundant GAPDH gene
(Fig. 5B). Similarly, the siRNA delivery efficiency was deter-
mined to be approximately 80% (data not shown) by using
siRNA against the cellular polo-like kinase 1 (PLK1), silencing
of which leads to apoptosis of cells (26). When the PCBP1- or
PCBP2-silenced MARC-145 cells were infected with the geno-
type II PRRSV strain FL12, virus yield in the culture super-
natants was substantially downregulated at 12 h and 24 h
postinfection. The depletion of PCBP1 or PCBP2 in these cells
led to an average 4- to 6-fold decrease in virus titers compared
to what was seen for cells with no siRNA treatment or scram-
bled siRNA treatment (Fig. 5C). This inhibitory effect on virus
yield was also observed at a higher multiplicity of infection
(MOI) of 1 and a later time postinfection (48 h) (data not
shown). Furthermore, the depletion of both proteins simulta-
neously resulted in a greater reduction (more than 10-fold) of
virus yield (Fig. 5C). Depletion of PCBP1 and/or PCBP2 also
led to a similar inhibition of growth of Lelystad virus, a geno-
type I PRRSV strain (data not shown), suggesting that the role
of PCBPs in PRRSV growth is conserved across genotypes.
Since PCBP2 is a negative modulator of IFN production
(59), it is possible that the reduction in PRRSV growth upon
PCBP2 knockdown might be caused by increased IFN produc-
tion. Therefore, we examined the levels of IFN- transcripts in
MARC-145 cells treated with PCBP2 siRNA and infected with
PRRSV. Sendai virus (SeV)-stimulated MARC-145 cells were
used as a positive control for IFN induction. Results show that
IFN- induction was not observed in these cells (Fig. 5D),
indicating that reduced PRRSV growth in PCBP1- or PCBP2-
deficient cells is not a result of increased IFN production.
PCBP1 and PCBP2 do not affect the translation from viral
genomic RNA. Following viral entry and uncoating, the re-
leased viral genome serves as the template for translation of
the nsp’s from ORF1a and ORF1b, which are required for the
assembly of replication complex and subsequent viral genome
replication. Using a polymerase-defective PRRSV (FL12Pol)
genome, we investigated whether PCBPs are required for this
initial translation event. Due to mutations in the polymerase
active site, FL12Pol virus genome cannot undergo replication
(47) but the initial translation from the input viral RNA re-
mains unaffected. Electroporation of FL12Pol in vitro tran-
scripts yielded similar levels of nsp1 and nsp1 proteins in
both PCBP1- and PCBP2-specific siRNA-treated cells as well
as scramble siRNA-treated cells (Fig. 6), implying that PCBPs
are not involved in translation of the input viral genome. Thus,
the above-described experiments indicate that PCBPs are re-
quired at a step beyond the initial genomic RNA translation.
PCBP1 and PCBP2 affect viral genome replication. To ex-
amine whether PCBPs play any role in viral RNA synthesis,
MARC-145 cells, which are depleted of PCBP1 and/or PCBP2
by siRNA treatment, were infected with PRRSV. Examination
of PRRSV genomic RNA and sg mRNA levels in cells de-
pleted of these proteins revealed that the synthesis of the viral
RNAs was significantly reduced from that in cells not depleted
of the proteins (Fig. 7A, left). The synthesis of antigenomic
RNA and antisubgenomic mRNAs was also similarly affected
(Fig. 7A, right). In PCBP1- and PCBP2-deficient cells, reduced
levels of nsp1 and nsp1 protein accumulation were also
observed compared to cells treated with scramble siRNA or
cells not treated with siRNA (Fig. 7B). Reduced levels of other
nsp’s (nsp2 and nsp3) as well as structural proteins (GP5, M,
and N) were also observed (data not shown), suggesting that
FIG. 4. PCBP1 and PCBP2 form complexes with PRRSV 5UTR. (A) EMSA of 32P-labeled PRRSV () 5UTR probe in the presence of
increasing concentrations (0, 0.5, 0.75, 1, and 1.25 g in lanes 1 to 5) of recombinant purified PCBP1 or PCBP2 in an RNA binding reaction. RNP
complexes were resolved by 5% nondenaturing PAGE and visualized by exposing the dried gel to phosphorimager screens. The positions of the
free and bound probes are indicated on the right. (B) Competition gel mobility shift assay. Radiolabeled PRRSV () 5UTR probes were
incubated with 0.75 g of PCBP1 or PCBP2 in presence () or absence () of unlabeled 5UTR probe (Sp. comp.) or an irrelevant probe (Non
Sp. comp.). Lanes: 1 and 7, free probe; 2 and 8, no competitor; 3, 4, 9, and 10, increasing concentration of specific competitor (10-fold and 50-fold
molar excess); 5, 6, 11, and 12, increasing concentration of nonspecific competitor (10-fold and 50-fold molar excess). (C) Gel mobility shift assay
with 3UTR. Radiolabeled PRRSV () 3UTR probe was incubated without () or with () 1 g of PCBP1 or PCBP2, and EMSA was performed
as described above.
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the involvement of PCBP1 and PCBP2 is not specific to a
particular viral gene. Taken together, these results suggest that
silencing of PCBP1 and PCBP2 has a significant inhibitory
effect on the accumulation of genomic and subgenomic RNAs.
DISCUSSION
Because of their limited genome coding capacity, viruses
depend on host factors to carry out important functions. Dur-
ing the course of evolution, each virus has acquired a unique
array of multifunctional proteins. The arterivirus nsp1 turns
out to be one such protein. Previous studies on nsp1 of EAV
and PRRSV have suggested that this protein is a major regu-
lator of virus replication as well as a potent suppressor of host
innate immune response (3, 7, 19, 34, 45). In this article, by
using PRRSV nsp1 as bait, we identified several cellular pro-
teins that interact with this viral protein, and these cellular
proteins may play an important role(s) in the viral life cycle.
Although the studies reported here focus on PCBPs, our
IP-MS results have identified several other proteins of interest
(Table 2). Specifically, several hnRNP proteins, e.g., hnRNP K
and hnRNP A2/B1, were identified, which have been shown to
be important for replication of other viruses such as coronavi-
ruses (25, 38, 55). Another protein of interest is the cellular
poly(A) binding protein cytoplasmic 4 (PABP4), which is
FIG. 5. Silencing of PCBP1 and PCBP2 results in reduced PRRSV growth. (A) Reduction in PCBP1 and PCBP2 protein levels after siRNA
treatment. MARC-145 cells transfected with no siRNA (No), scramble siRNA (Sc), or different concentrations (nM) of siRNAs for PCBP1 and/or
PCBP2 (as shown on top of the lanes) were harvested 72 hpt. Endogenous PCBP1 and PCBP2 were detected by immunoblotting using antibodies
directed against these proteins. The blots were also probed for -actin to confirm equal protein loading. (B) MARC-145 cells were treated with
scramble (Sc) or GAPDH-specific siRNAs for 72 h, and GAPDH protein was detected by immunoblotting. (C) MARC-145 cells treated for 72 h
with various siRNAs were infected with FL12 virus at an MOI of 0.1. Culture supernatants were harvested at 12 h and 24 hpi, and viral titers were
determined by plaque assay. Error bars represent standard error of mean from 3 different experiments. Mean titers which are significantly different
are labeled with different letters on top of the bar. (D) The IFN- mRNA and RPL32 mRNA (internal control) were measured by RT-PCR from
MARC-145 cells treated with indicated siRNAs (on top) and either mock infected or infected with FL12 virus for 18 h. Sendai virus (SeV)-infected
MARC-145 cells were used as a positive control for IFN induction.
FIG. 6. PCBP1 and PCBP2 are not required for the translation of
genomic RNA. BHK-21 cells treated with siRNAs (20 nM) shown on
top of each lane for 72 h before being electroporated with pFL12Pol
full-length RNA. At 24 h postelectroporation, cells were harvested and
PRRSV nsp1 and nsp1 proteins were detected by immunoblotting.
The level of -actin was measured to ensure equal protein loading. The
left lane shows protein from BHK-21 cells that were neither siRNA
treated nor electroporated with pFL12Pol RNA.
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known to be expressed upon T-cell activation and is involved in
RNA stabilization and translation (32, 58). A common prop-
erty among these putative nsp1-interacting proteins is their
inherent RNA binding ability. It will be interesting to explore
the possible involvement of these cellular proteins in PRRSV
life cycle, particularly in viral genome replication and tran-
scription. As nsp1 has also been predicted to interact with
RNA, these proteins together with nsp1 might form RNP
complexes and play important regulatory roles in virus life
cycle (30, 57).
The nsp1-PCBP interaction was confirmed both under ec-
topic expression conditions and in PRRSV-infected cells. Al-
though RNase treatment did not alter nsp1-PCBP1/2 inter-
action, it is possible that these interacting partners might
interact through a specific RNA moiety that is protected from
RNases. The observation of partial colocalization of PCBP1/2
to viral RTC upon PRRSV infection of cells is consistent with
a recent report, which suggests that only 25% of total EAV
nsp1 in infected cells is present in the cytoplasmic RTC-con-
taining cellular fraction (50). Together with nsp1’s presumed
role in sg mRNA synthesis, these results indicate possible re-
cruitment of PCBPs to the viral RTCs through interactions
with PRRSV nsp1 for viral RNA synthesis. Additionally,
nsp1 and PCBP1/2 were also found to colocalize in the nu-
cleus (Fig. 2E). Both nsp1 and nsp1 of PRRSV are known
to translocate to the nucleus during late times of infection (7).
The functional significance of the interaction of these proteins
in the nucleus is unclear, but it is possible that these complexes
might regulate cellular RNA metabolism in the nucleus.
Two arteriviral proteins, nsp2 and nsp3, are implicated in
modifying the endoplasmic reticulum (ER) membrane to form
double membrane vesicles (DMVs), which are the sites for
viral genome amplification (40). Since PRRSV nsp2/3 and the
cytoplasmic fraction of PCBP1/2 localize together in virus-
infected cells (Fig. 4), we attempted to verify this interaction by
co-IP experiments. Such experiments did not yield unequivocal
results, indicating that the association might be a indirect,
weak, or transient one that is not readily detectable by routine
co-IP procedures. On the other hand, the interaction of the
PRRSV nsp9 (the viral RdRp) with PCBP1/2 could be readily
demonstrated when these proteins were expressed ectopically.
Demonstration of a similar interaction in virus-infected cells
will be important for understanding the functional conse-
quences of this interaction in viral genome replication.
Arteriviral 5UTR contains cis-acting sequences required for
genome replication and sg mRNA production (49). The
PCBPs have been reported to bind both 5UTR and 3UTR of
cellular as well as viral genes and affect RNA metabolism.
Binding of PCBP1 and PCBP2 to the promoter of mouse mu
opioid receptor and BRCA1 enhances their transcription (21,
44). PCBP2 has been shown to bind the 3UTR of tyrosine
hydroxylase mRNA and increase mRNA stabilization and
translation (56). A previous study had identified four MA104
cell proteins, with approximate molecular masses of 103, 86,
55, and 36 kDa, of unknown identity interacting with SHFV
3UTR of ()-sense genome (which is antisense to viral
5UTR) (16). Using gel mobility shift assays, we have also
demonstrated that PCBP1 and PCBP2 bind to PRRSV ()
5UTR. As the molecular masses of PCBPs are 40 kDa, it is
possible that one of those proteins bound to SHFV () 3UTR
might be PCBP. The 191-nt 5UTR of type II PRRSV contains
several pyrimidine-rich stretches, which are considered possi-
ble sites for PCBP binding. Especially, the 3 terminal 15 nt
(from nt 177 to nt 191) of the 5UTR, which are highly con-
served across arteriviruses (49), have strong homology (only 2
nt difference) with the consensus PCBP binding site on cellular
mRNAs (15). It is possible that PCBPs may bind specifically to
these conserved sequences to modulate viral genome transcrip-
tion. It would be interesting to investigate if the PCBP-nsp1
FIG. 7. Cellular PCBP1 and PCBP2 are required for efficient PRRSV genome replication and transcription. (A) After 72 h of siRNA
transfection, MARC-145 cells were infected with FL12 at an MOI of 1 for 12 h, after which the cells were collected and total RNA was isolated.
Five micrograms of total RNA from each treatment was used for Northern hybridization with a radiolabeled () 3UTR probe to detect viral
genomic and subgenomic mRNAs (top left). Similarly, antisubgenomic and antigenomic RNAs were detected from 10 g of total RNA by using
a radiolabeled () 3UTR probe (top right). The 28S rRNA levels in the samples are shown at the bottom. The genomic and antigenomic RNA
and the subgenomic and antisubgenomic RNAs are identified by number 1 and numbers 2 to 7, respectively. (B) MARC-145 cells treated with
siRNAs as shown on top of each lane were infected with FL12 virus at an MOI of 0.1. Cells were harvested 18 hpi and viral nonstructural proteins
(nsp1 and nsp1) levels were detected by immunoblotting. Actin served as the loading control.
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interaction is required for PCBP’s binding to PRRSV 5UTR
or if these are two mutually exclusive events.
Using an siRNA-mediated silencing approach, we have es-
tablished the importance of PCBPs for PRRSV genome rep-
lication/transcription. Both PCBP1 and PCBP2 are closely re-
lated (90% amino acid identity). Although these two
proteins are known to have overlapping functions (52), our
results presented here indicate that they might be involved in
yet-unknown nonoverlapping activities in PRRSV replication,
as the simultaneous depletion of both proteins led to an addi-
tive reduction in viral growth compared to individual depletion
(Fig. 5C). PCBP1 and PCBP2 do not appear to be involved in
translation from genomic RNA. However, genomic and anti-
genomic RNA synthesis was reduced in the PCBP1/2-deficient
cells (Fig. 7A). The observation that PCBPs bind specifically to
the 5UTR of PRRSV prompts a critical question related to
viral RNA synthesis: how does this binding influence genome
replication, which initiates from the 3UTR? Studies from po-
liovirus replicative cycle may offer an interesting explanation in
this regard. Binding of PCBP1 and PCBP2 to the 5 cloverleaf
(5CL) structure of poliovirus stimulates the association of
viral polymerase precursor (3CDpro) with the 5CL (13). Bind-
ing of poly(A) binding protein (PABP) to the 3UTR poly(A)
tail and its interaction with the PCBP2 and 3CDpro then lead
to genome circularization and replication initiation (14). Such
genome circularization has been suggested as a universal
mechanism for ()-strand RNA virus replication, including
that of coronaviruses (41). It is possible that the PCBPs might
be an integral part of such an RNP complex that is required for
the initiation of negative-strand RNA synthesis in PRRSV.
The inhibitory effect on sg RNA synthesis upon PCBP1/2
depletion could be the result of reduced levels of full-length
genome and antigenome synthesis or could be due to a loss of
direct interaction of PCBP1/2 with transcription-controlling
cis-acting elements within the viral genome. Nidoviral sg RNAs
are produced through the process of discontinuous transcrip-
tion, which has been proposed to involve physical interaction
between the leader transcription-regulating sequence (TRS-L)
and the body TRSs (TRS-B), which are present upstream of
each ORF within the viral genome. It is possible that PCBPs
might interact with TRS-L and TRS-B and might help to bring
together these distant RNA moieties. Further studies will be
required to address the interactions of PCBP1/2 with the TRSs
and how these interactions might regulate sg RNA synthesis in
PRRSV-infected cells.
Overall, our studies reveal two cellular factors, PCBP1 and
PCBP2, as being important regulators of PRRSV replication.
They both have affinity for viral 5UTR and interact with two
viral replicase proteins. Whether PRRSV’s dependence on
PCBPs is also true for other arteriviruses needs further inves-
tigation. Considering the similarity in their replication strate-
gies, these cellular proteins might also be important for other
members of the Nidovirales order.
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